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Using the CLEO II detector, we have measured the form factors associated with the 
electromagnetic transitions 7*7 — » meson. We have measured these form factors 
in the momentum transfer ranges from f .5 to 9, 20, and 30 GeV^ for tt", rj, and 
Tj' , respectively. 



1 Introduction 

Production of even C-parity hadronic matter in e^e^ scattering provides a unique 
opportunity to study the properties of strong interactions. To leading order in 
quantum electrodynamics (QED) these processes are described as the interaction 
between two photons emitted by the scattered electrons. Although in e+e" scat- 
tering the probe and the target are both represented by photons that are carriers 
of the electromagnetic force, these space-like photons can produce a pair of quarks 
that interact strongly and are observed in the form of hadrons. Therefore, by mea- 
suring the four-momenta of the scattered electrons we can study the dynamics of 
strong interactions. The quantities of interest in these studies are the form factors 
associated with the transitions between the photons and the hadrons. 

In this paper we briefly describe the final results of our measurements Eli of 
the differential cross sections for the production of a single pseudoscalar meson in 
e+e^ scattering: e'^e~ — > e'^e~Ti,, where 7?, is a tt", 77 or if . We measure these 
cross sections in a "single-tagged" experimental mode where one of the scattered 
electrons is detected ("tagged"), while the other electron is scattered at a very 
small angle and therefore remains undetected ("untagged"). The mesons produced 
in e^e~ scattering are observed through their decays to various fully reconstructed 
final states. The tagged electron emits a highly off-shell photon (7*), whereas the 
untagged electron emits a nearly on-shell photon (7). We measure the dependence 
of the meson production rate on the squared momentum transfer carried by 
the highly off-shell photon. This momentum transfer is determined by energy- 



momentum conservation as applied to the tag: Q = —{pb—pt) = 2£'f,£'t(l — cos6't), 
where pb and pt are the four-momenta of the incident beam-energy electron and the 
tag, Eb and Et are corresponding energies, and 6t is the scattering angle. From 
the measurements of the differential rates da{e^e~ —i- e^e^TZ)/dQ^ we obtain the 
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transition form factors J-~f*^Ti that describe the effect of the strong interaction in 
the 7*7 — > TZ transition amphtudcs. 

To relate the differential cross sections to the transition form factors we employ 
the theoretical framework developed by V.M. Budnev et al.u (BGMS formalism). 
In BGMS the process e+e" e~^e~TZ is divided into two parts: e+e~ e"'"e~7*7 
and 7*7 TZ. The first part is completely calculable in QED and the second 
part is defined in terms of the transition form factors J^-y'-yTziQ'^)- In the case of 
pseudoscalar mesons there is only one form factor. At zero momentum transfer this 
form factor is expressed as: 

- (i^ M| ' 

where a is the QED coupling constant, M-ji is the mass and T{TZ 77) is the 
two-photon partial width of the meson TZ. The transition form factors cannot be 
calculated directly from Quaiitiim Chromodynamics (QCD). However, these form 
factors have been estimated QEHjfl using theoretical methods based on the pertur- 
bative QCD (PQCD) I and the sum rulesl. 

Brodsky and Lepage employed PQCD to find theL_asymptotic behavior of the 
7*7 TZ transition form factors in the limit — » ooEHl: 

lim Q^T^^MQ^) = ^fn, (2) 

where ffi is the meson decay constant. In addition, it has been predicted that in 
this limit anv-mcsnnic wave function evolves to the asymptotic wave function of 
unique shape EUliltj. 

While PQCD predicts the form factors of the 7*7 TZ transitions at large 
momentum transfer, the behavior oLLhcsc form factors in the limit can be 



determined from the axial anomalyll3M in the chiral limit of QCD. For tt*^ and t] 
the axial anomaly yields E3: 

lia.^T,,MQ') - (3) 

to leading order in ni^/M^ and m^/M^ where niu and nid are the masses of the 
u and d quarks. This prediction does not hold with the same precision for rj' due 
to the larger value of the s-quark mass. In addition, even if the s-quark mass were 
small, this prediction might be brpkgn for rj' because this particle is an unlikely 
candidate for the Goldstone boson Il3ll3. 

Finally, to approximate the soft non-perturbative region of a simple inter- 
polation between ^ and ^ 00 limits has been proposedll2l: 
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We have measured the transition form factors J-^f-^tz in the space-hke regions 
of the momentum transfer between 1.5 and 9 GeV^ for tt", 1.5 and 20 GeV^ for 77, 
and 1.5 and 30 GeV^ for r/. We report the measurements of the transition form 
factors of tt", 77, and rj' using the decays: tt*^ — > 77, 77 — > 77, r] tt^tt^tt'^ 
67, rj Tr+TT^Tr" 7r+7r^27, r/' — » ^'^7 7r+7r^7, r/' ^ tt+tt^t^ ^ 7r+7r~27, 
7y' — > ir'^TT'^ri 67, 77' ^ tt+tt^?/ — > 27r+27r^27, ry' ^ Tr'^Tr'^ry ^ Stt'^ — > IO7, 
r]' — !■ tt'^tt'^?/ — > Stt'^tt+tt^ ^ 7r+7r~67, and 77' ^ Tr^n^rj tt^tt^Stt'^ — > 7r+7r~67. 
We have analyzed the last two decay chains of 77' together since they are observed 
in the same final state Tr~^TT~6"f. 

The data sample employed in our analysis corresponds to an integrated e+e^ 
luminosity of 2.88 ± 0.03 fb^^ coJlacted at e^e^ center-of-mass energy around 10.6 
GeV with the CLEO-II detector EZlll3 at CESR. 



2 Analysis Procedure 

To measure the products of the differential cross sections and branching fractions 
for each decay chain wejase the following analysis procedure. Data events that 
pass all selection criteriaH are used to form the distribution where the value of 
for each event is estimated from energy-momentum conservation for this event 
(the experimental method wajise to estimate the value of for each event is 
described in detail elsewhere El'H) . Next we divide the event yields into inter- 
vals. For each interval we obtain the number of signal events in data from the 
fit to the invariant mass distribution. Then we estimate and subtract the (small) 
feed-down backgrounds. Finally we correct the background-subtracted number of 
signal events for the detection cfRciency. The signal line shapes used in the fits and 
the detection efficiencies are determined from the detector simulation for each 
interval. To extract the transition form factors we compare the measured and the 
predicted values of the cross sections. Namely, for each interval, we measure 
the form factors Tp'^^j^iQ^) from: = ^{data)/aiMC)\T^i%iQ^)\^, 

where J-^l^^{Q'^) is the approximation for the Q^-dependent part of the form factor 
in Monte Carlo (MC) simulation, and a{data) and a{MC) are the cross sections 
for this interval measured in data and predicted using numerical integration, 
respectively. The transition form factors are measured at where the differen- 
tial cross sections achieve their mean values according to the results of numerical 
integration. 

The Q^'dependent part of the 7*7* — > 7?. transition form factors in our two- 
photon MC simulation program is approximated by: 

IF ro^^P - 1 647^^(7^^77) 1 ... 

I-^7*7-kW j| - ^^^^^2 ^,^3, (1-HQ2/A^)2' ^ ' 

where the pole-mass parameter At^ = 770 MeV. 
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3 Results 

In Figures |l]and| we compare our results with the thcoreticaLpredictions. In these 
figures we also show the results of the CELLO experiment and the asymptotic 
prediction of PQCD given by Eqn. ^. For both experimental results the error bars 
represent the statistical errors only. To plot the results of the theoretical predictions 
we use their published analytical forms. To estimate the values of the meson decay 
constants fiz we use_Eqns. ^ and |^ and the tabulated two-photon partial widths of 
the studied mesons c^. 

Finally, for each meson TZ, where TZ is tt*^, 77, or 77', we derive the values of 
the pole-mass parameters An which we use to represent our results in a simple 
phenomenological form. For each meson we fit all our results for \^-f*-yn{Q'^)\'^ with 
the function given by Eqn. ^ and obtain the values of the pole-mass parameters Afi 
shown in Table ^. In this table, for each measurement, the first error is statistical, 
the second error represents the systematic uncertainties of our measurement and 
the third error reflects the experimental error in the value of the two-photon partial 
width of the meson. The results of the fits are also shown in Figures and |. 

We use the measured values of the parameters A^o and to compare the soft 
non-perturbative properties of tt*^ and 77. This is a legitimate comparison because 
the asymptotic prediction given by Eqn. ^ and the chiral limit given by Eqn. |^ are 
expected to hold for both tt'^ and 77. From the comparison between the measured 
values of A^^o and A^ we conclude that the shapes of the 7*7 —> meson transition 
form factors of tt^ and 77 are nearly identical, which strongly indicates the similarity 
between the wave functions of these mesons. 

The results of our measurements for the production of rj' demonstrate that if 
this particle were a qq bound state and the QCD chiral limit given by Eqn. ^ held for 
this meson, the Q^-dependence of the transition form factor of 77' and consequently 
its wave function would be significantly different from these non-perturbative prop- 
erties of either tt" or rj. 

4 Conclusions 

We have measured the form factors associated with the electromagnetic transitions 
7*7 — > meson in the regions of momentum transfer from 1.5 to 9, 20, and 30 GeV^ 
for tt", rj, and 77', respectively. These are the first measurements above 2.7 GeV^ 
for 7r° and above 7 GeV^ for 77 and 77'. 

Our measurement for tt*' unambiguously distinguishes among various theoretical 
predictions for the form factors of the 7*7 — > 7r° transition. We have demonstrated 
that the non-perturbative properties of tt^ and ij agree with each other which in- 
dicates that the wave functions of these two mesons are similar. In the ?]' analysis 
we have shown that the non-perturbative properties of 77' differ substantially from 
those of TT^ and 77. Our measurement for 77' provides important information for 
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future theoretical investigations of the structure of this particle. 
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Table 1: Values of the pole-mass parameters A 




ri and A^i. 


Decay chain 




An (MeV) 


TT^ — > 77 


776 


± 10 ± 12 ± 16 


Simultaneous fit to three decay chains for t] 


774 


± 11 ± 16 ± 22 


Simultaneous fit to seven decay chains for rj' 


859 


± 9 ± 18 ± 20 
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□=(GbV^) Q^GeV^) Q^(Gev') 

Figure 1: Comparison of the results (points) for tt'^ with the theoretical predictionsSBB (^'''fflHrt 
to right). Two figures on the left showitiie predictions with the asymptotic wave function 0'Ej't3 
(solid curves) and the CZ wave functionlij (dashed curves). The dotted curve shows the prediction 
made with the CZ wave function when its QCD evolution is taken into account. 




Figure 2: Pole-mass parameter fits (dashed lines) to CLEO results for (from left to rieht) vr", r], 
and rj' . The solid curves (where shown) are the interpolations given by Eqn. kj. 
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